A remarkable up-down asymmetry in the nystagmus, together with the strong vestibular input to up-BT cells, appears to suggest an additional vestibular imbalance. The region where we injected muscimol contained up-BT neurons and no down eye movement cells. Because up-BT neurons received excitatory inputs from the anterior semicircular canals, their inactivation might be expected to result in downward drift of the eye due to a decreased anterior canal input. Instead, the eye drifted upward in a wide oculomotor range, suggesting increased, rather than decreased, signals from the anterior canal.
291 (1980); G. Cheron, S. Saussez, N. Gerrits, J. Neurophysiol. 74, 1367 (1995). 7. Five adult cats were prepared for recording of neuronal activity in the brainstem. All experiments were done with the permission of the Animal Experiment Committee of the University of Tsukuba, which is operated in accordance with Japanese Governmental Law (no. 105).
A coil was implanted subconjunctivally under pentobarbital sodium anesthesia and aseptic conditions to measure eye movement by a magnetic-search coil technique (13) . The tympanic bulla on each side was opened, and silver-ball electrodes were implanted on the round window to stimulate the vestibular nerve. After recovery from surgery, each animal was trained to accept restraining conditions without stress. A position 16.5°nose up from the stereotaxic horizontal was taken as a zero vertical position. This was near the center of the vertical oculomotor range. Glass-coated tungsten electrodes were used for extracellular recordings. Care was taken to ensure that the recording was from a cell body and not from an axon. Only negative-positive spikes with a duration (time to positive peak) of Ͼ250 s were regarded as action potentials of the soma. These unit spikes could be recorded not only during advancement but also during withdrawal of the electrode, another indication of somatic recording. The MLF was identified physiologically by recording monosynaptic volleys from the vestibular nerves and by monosynaptic activation of secondary vestibular axons, which all exhibited initial positivity. The explored region extended rostrocaudally from 2.0 mm anterior to 1.5 mm posterior of the rostral pole of the abducens nucleus and ventrally to 3.5 mm from the floor of the fourth ventricle. The lateral limit of the region extended from the midline to about 1.5 mm. The tonic firing rate of a cell was defined as an average rate for the fixation period. The size of the burst component for a given saccade was estimated by subtracting the eye position-dependent component from the total number of spikes [see (14) ]. For natural vestibular stimulation, the turntable was rotated sinusoidally in the light in two mutually orthogonal planes approximately coplanar with the two vertical canal pairs (45°away from the pitch-and-roll planes). The two planes are called the c-ac/i-pc plane and the i-ac/c-pc plane, depending on their relation to the side of neurons studied. Because the null position, an asymptote of the exponential drift, appeared to vary from one slow phase to another, we estimated the null and TC for each slow phase. We first determined the null as a position best linearizing the logarithm of eye displacement from that position as a function of time.
At the termination of the experiments, some recording sites were marked by making small electrolytic lesions. The animals were then killed with a lethal dose of pentobarbital sodium and perfused. In three alert cats, muscimol, an inhibitory neurotransmitter, ␥-aminobutyric acid type A receptor agonist (1.0 g per microliter of saline, 0.2 to 0.6 l), was injected in the MLF of the pons with an injection needle to suppress spike activity of somata without affecting that of MLF fibers. (4) (5) (6) (7) , and genetic screens have identified several loci specific to either phyA or phyB signaling pathway segments (8) (9) (10) (11) (12) (13) . Molecular cloning of two of these loci, FAR1 and SPA1, specific to phyA signaling, has revealed that they encode nuclear proteins (13, 14) . Yeast two-hybrid screening for phytochrome-interacting proteins has identified PKS1, a cytoplasmic protein (15) , NDPK2, a nucleoside diphosphate kinase (16) , and PIF3, a nuclear-localized basic helix-loop-helix (bHLH) protein (17) . The functions of PKS1 and NDPK2 in phytochrome signaling remain to be determined. However, because PIF3 belongs to the bHLH superfamily of transcription factors (18, 19) , the possibility of a direct signaling pathway from the photoreceptor to target genes is suggested. This suggestion is consistent with recent evidence that phyA and phyB are induced to translocate from the cytoplasm to the nucleus upon Pfr formation (20, 21) . To explore this possibility, we examined whether PIF3 has sequence-specific DNA binding activity and, if so, whether phyB would interact with DNA-bound PIF3.
Using a random binding site selection (RBSS) procedure, we identified a palindromic hexanucleotide DNA sequence-CACGTG, known as a G-box motif (3, (22) (23) (24) (25) (26) -as the core PIF3 target element (Fig. 1A) . The specificity of this interaction was verified by electrophoretic mobility shift assay (EMSA), with the use of a G-box containing probe (G-wt) representative of those selected by RBSS (Fig. 1B) , and recombinant PIF3 synthesized in the TnT in vitro transcription-translation system. Figure  1C shows that the low-mobility complex formed in the presence of the PIF3 templateprogrammed TnT reaction (lane 3) was effectively competed by unlabeled G-wt probe (lanes 4 to 6), but not an unlabeled mutant probe (lanes 7 to 9) containing a single T to G substitution in the G-box (G-mut, Fig. 1B ). By contrast, the higher mobility complex formed by an endogenous TnT reaction component (Fig. 1C, lane 2) was competed equally well with G-wt and G-mut unlabeled probes. The data show that PIF3 does indeed bind DNA, with target sequence specificity characteristic of the bHLH family, and probably as a homodimer, on the basis of the known structure of DNA-bHLH protein complexes (27) . The Gbox motif is found in a variety of light-regulated genes and has been implicated in the regulation of some by functional assay (3, (22) (23) (24) (25) (26) . This motif is a representative of the more general E-box motif, CANNTG, considered to be the core consensus sequence for bHLH proteins in nonplant systems (18, 19) . The PIF3 bHLH domain alone is sufficient for sequence-specific binding to the G-box, similar to other bHLH proteins ( Fig. 1D) (19, 27) .
Full-length, chromophore-conjugated phyB interacts with PIF3 that is not bound to DNA only upon conversion to the Pfr form (28) . To determine whether phyB would bind to PIF3 that had formed a complex with its DNA target site, we performed EMSA with PIF3 and phyB together ( Fig. 2A) . Neither the PHYB apoprotein nor photoactive phyB in either conformer interacted directly with the DNA probe (Fig.  2B , lanes 3 to 5). Similarly, neither PHYB nor the phyB Pr form (PrB) altered the mobility or abundance of the PIF3-DNA complex when added to that complex, indicating the absence of any interaction (Fig. 2B , lanes 7 and 8). By contrast, R irradiation of chromophore-conjugated phyB induced formation of a discrete, lower mobility complex, presumably corresponding to a ternary complex between PIF3, phyB, and the DNA probe (Fig. 2B, lane 9) . The data indicate, therefore, that phyB does indeed bind specifically to DNA-bound PIF3, but only upon R light-induced conversion to the Pfr form (PfrB). Figure 2B also shows that phyB does not interact with the bHLH domain of PIF3 (G:bhPIF3) when this isolated domain is bound to its target sequence (lanes 10 to 13). The data indicate, therefore, that the conformerspecific recognition of PIF3 by phyB requires molecular determinants outside the DNA-binding domain.
To determine whether the R light-induced binding of phyB to DNA-bound PIF3 was reversible, we examined the effects of FR pulses given after an initial R pulse on the ternary complex detected by EMSA. The amount of R-induced complex was rapidly reduced by subsequent exposure to FR (Fig. 2D) , indicating that the interaction triggered by Pfr forma- tion was rapidly reversed by reconversion to Pr. These data indicate that phyB recognition of DNA-bound PIF3 requires maintenance of the photoreceptor in the biologically active (Pfr) form.
The G-box motif is neither present in all light-regulated promoters, nor is it confined to light-regulated genes. On the contrary, it is found in a broad range of plant gene promoters responsive to a diversity of nonlight-related stimuli (3, 22-26, 29, 30) . Moreover, most studies aimed at identifying plant DNA-binding proteins that recognize this motif report the cloning of bZIP class factors rather than bHLH proteins (22, 30) . To address this apparent complexity in relation to PIF3, we examined whether PIF3 was capable of recognizing the G-boxes in photoresponsive genes in the context of their native flanking sequences. This is pertinent because the nucleotides flanking the core hexamer E-box motif have been shown to influence the specificity of bHLH family-member recognition of binding sites containing this core motif (31, 32) . Figure 3B shows that the G-boxcontaining sequences from the promoters of four light-regulated genes, RBCS-1A, CCA1, LHY, and SPA1, all interacted effectively with PIF3, despite deviations from the consensus sequence of the PIF3 binding site (Fig. 1A) at the positions flanking the CACGTG hexanucleotide core in some cases (Fig. 3A) . To determine whether PIF3 might recognize non-Gbox motifs in other functionally defined LREs in photoresponsive genes, we examined PIF3 binding to the GT1, Z, and GATA motifs representing consensus sequences from several light-regulated promoters (33) . PIF3 exhibited no detectable interaction with these motifs (Fig.  3C) , further verifying the sequence-specific nature of the G-box recognition. Together the data indicate that PIF3 is indeed capable of sequence-specific binding to the G-box-containing promoters of a variety of light-regulated genes.
To determine whether PIF3 is necessary for the phytochrome-regulated expression of these genes, we examined the effect of continuous R light (Rc) on their mRNA levels in wild-type and PIF3-antisense (17) seedlings. The rapid (within 1 hour) Rc-induced increase in expression of CCA1 and LHY was reduced in the PIF3-antisense seedlings (Fig. 4, A and B) . By contrast, the similarly rapid increase in SPA1 expression was unaffected in the antisense plants. Two more slowly induced genes also showed no difference in expression between wild-type and antisense plants. These were the G-box-containing gene RBCS-1A (34) and CHS (Fig. 4, A and B) for which there is no evidence of a functionally active, fully palindromic G-box in Arabidopsis (22, 35, 36) . On the other hand, the absence of the HY5 bZIP protein in the hy5 null mutant (37) caused no reduction in the photoresponsiveness of CCA1, LHY, or SPA1, but markedly reduced the induction of CHS (Fig. 4, C and D) . Together these data suggest that there are multiple classes of promoters in phytochrome-responsive genes: G-box-containing promoters that require PIF3 for responsiveness; G-box-containing promoters that do not require PIF3 for responsiveness, despite their capacity to bind PIF3 in vitro; and promoters lacking evidence of functionally active G-boxes that do not require PIF3 for responsiveness, but nevertheless do require the bZIP factor HY5, considered to be a G-boxbinding protein, for responsiveness.
On the basis of this pattern of expression profiles, we suggest that a subclass of rapidly induced genes, represented by CCA1 and LHY, may be direct targets of phytochrome regulation through binding of the photoreceptor to PIF3, which is in turn bound to G-box promoter elements. Other subclasses of phytochrome-responsive genes apparently have alternative response pathways independent of PIF3. It is intriguing that CCA1 and LHY encode similar MYB-class proteins that have been implicated in phytochrome-regulated CAB gene expression and/or circadian clock regulation (38) (39) (40) . It is possible, therefore, that PIF3 represents the entry point for phytochrome regulation of the plant circadian clock, as well as initiating one branch of the phytochrome-induced gene expression cascade (41) .
The data presented here and elsewhere (17, 20, 21, 28) suggest that the phytochromes may integrate into, and function as photoswitchable components of, transcription-regulator complexes directly at target promoter sites after light-induced translocation from cytoplasm to nucleus (Fig. 5) . The function of PIF3 in this scheme would be to recruit phyB specifically to the designated promoters. Regardless of the biochemical basis of the ensuing signaling transactions between phyB and the transcriptional machinery, the data suggest that plants have evolved a mechanism whereby an extracellular signal can be monitored continuously . PHYB refers to full-length phytochrome B apoprotein. phyB refers to photoactive phytochrome B, after chromophore attachment to PHYB, depicted by the small black rectangle (42) . After coincubation of proteins with labeled G-wt probe, the samples were given a pulse of FR or R (46) and incubated on ice in the dark (Dk) for 2 additional hours before EMSA. (B) The binding complex formed between PIF3 and the G-wt probe is shifted in the presence of Rirradiated photoactive phyB, and this supershifted complex is dependent on full-length PIF3. Lane 1, no protein; lane 2, mocktranslated TnT; lanes 3, 7, and 11, 2 l of PHYB; lanes 4, 5, 8, 9, 12, and 13, 2 l of phyB; lanes 6 to 9, PIF3; lanes 10 to 13, G:bhPIF3. (C) Experimental design for (D). Either phyB alone (lanes 3 and 4) or PIF3 and phyB together (lanes 5 to 12) were incubated for 3 hours in the dark (Dk) after being given a R and/or FR pulse, before G-box probe addition and EMSA. After an initial R pulse (R) (lanes 3 and 5 to 8) a FR pulse was given either immediately [R ϩ and directly by the control elements of target genes, thereby potentially permitting almost instantaneous modulation of transcription rates in response to changes in signal content. 5 . Model depicting the proposed mechanism of phyB regulation of gene expression. R-induced conversion of phyB from its cytoplasmically localized, biologically inactive Pr form (PrB) to its active Pfr form (PfrB) triggers translocation to the nucleus (20, 21) , where it binds to PIF3 that is constitutively nuclear (17) and bound as a presumptive dimer to G-box motifs in target promoters. Bound PfrB then activates (or represses) transcription either directly, by functioning as a coregulator in recruiting and/or biochemically or allosterically modifying components of the preinitiation complex (PIC) or associated factors (solid arrowhead), or indirectly, by biochemically or allosterically modifying the presumptive transcriptional regulatory activity of PIF3, which then in turn recruits coregulator or PIC components (open arrowheads). Subsequent reconversion by FR of bound PfrB to PrB causes rapid dissociation of the photoreceptor from DNA-bound PIF3, disrupting the enhanced (or reduced) transcriptional activity of target genes. In the short term, subsequent reconversion by R of PrB to PfrB, either before dissociation or nearby in the nucleoplasm, would rapidly reestablish the previous enhanced (or reduced) transcriptional state.
(BL21 cells) transformed with pGPF, and the fusion protein was purified by using sequentially both Glutathione Sepharose 4B (Pharmacia Biotech) and anti-Flag M2 affinity gel (Eastman Kodak) beads. This protein was used only for RBSS experiments (Fig. 1A) . His 6 :PIF3, G:bhPIF3, and phyB proteins were produced by transcription and translation (TnT) systems (Promega). PIF3 coding sequence was amplified by PCR and cloned into pRSETb vector (Invitrogen). The resulting fusion protein contains a His 6 -tag at the NH 2 -terminal end and was used throughout the work (referred to as PIF3 in the figures). G:bhPIF3 corresponds to GST (glutathione Stransferase) (Fig. 1D, gray box) fused to the PIF3 bHLH domain (from residue 340 to 397; cross-hatched box). The PIF3 bHLH domain was amplified by PCR and cloned in pGEX-4T-1. The resulting coding region was amplified with oligonucleotides that added the T7 promoter sequence upstream of the first ATG, and the PCR product was directly used as a template in the TnT reaction. The full-length Arabidopsis PHYB apoprotein was produced by TnT reaction, and the chromophore was autocatalytically attached (28 We synthesized 60-base oligonucleotides of which the middle 12 bases consisted of random sequences (5Ј-GTCTGTCTGGATCCGAGGTGAGTA-N12-ACGTCT TCCGAAGCT TACGTCGCG-3Ј). Two 20-base oligonucleotides were also synthesized as forward (5Ј-GTCTGTCTGGATCCGAGGTG-3Ј) and reverse (5Ј-CGC-GACGTAAGCT TCGGAAG-3Ј) primers. The stringency of RBSS was increased by increasing the amount of nonspecific competitor (50, 100, 200, 400, and 500 ng, from first to fifth cycles, respectively) and by decreasing the amount of protein [2, 2, 1, 1, and 1 l of TnTexpressed PIF3 (42), or 500, 500, 500, 250, and 250 ng of E. coli-purified GST:PIF3:flag protein (42) , from first to fifth cycle, respectively] and the amount of labeled DNA probe [90,000 cpm (ϳ10 6 cpm g Ϫ1 ) for the first round; 20,000 cpm of high-specific activity probe from second to fifth cycle] in the binding reaction (43). After five rounds of selection, the retarded DNA was amplified by PCR, digested with Bam HI-Hind III, and cloned into pBluescript. Individual clones were randomly selected and sequenced. The sequences were aligned centered around the identified G-box motif. 46. Light sources are described in (28) . Pulses were 2 min of FR (88 mol m Ϫ2 s Ϫ1 ) or R light (88 mol m Ϫ2 s Ϫ1 ). 47. The selected LREs used [GT1, 4ϫ (5Ј-TGTGTGGT TA-ATATG-3Ј); Z, 2ϫ (5Ј-ATCTAT TCGTATACGTGTCAC-3Ј); G, 4ϫ (5Ј-TGACACGTGGCA-3Ј); and GATA, 4ϫ (5Ј-AAGATAAGAT T-3Ј)] have been described elsewhere (33). 48. After germination, seedlings were grown in the dark at 22°C for 4 days. Material was harvested at various times after 0, 1, 2, 3, and 4 hours of exposure to continuous red light (Rc; 20 mol m Ϫ2 s Ϫ1 ). Total RNA was isolated with the RNeasy Plant Miniprep kit (Qiagen). For RNA analyses, 5 g of total RNA were loaded per lane, and then transferred to MSI Nylon membranes. The membranes were hybridized in Church buffer at 65°C overnight with random primer-labeled fragments (CCA1, LHY, CHS, SPA1). CCA1 and LHY probes were amplified by PCR from Arabidopsis DNA with the use of specific primers, cloned, and confirmed by sequencing. The CCA1 probe (amplified with the primers 5Ј-GCAGCTGCTAGTGCT TGGTGGGCT-3Ј and 5Ј-TCA-TGTGGAAGCTTGAGTTTCCAA-3Ј) corresponded to positions 2082 to 3010 in the 3Ј region of the main open reading frame (ORF) (38, 39) ; the LHY probe (amplified with the primers 5Ј-CATGCTGCAGCTACAT TCGCT-GCT-3Ј and 5Ј-TCATGTAGAAGCT TCTCCT TCCAATCG-3Ј) corresponded to positions 1271 to 2275 in the 3Ј region of the main ORF (40) . Southern blot analysis showed no detectable cross-hybridization between CCA1 and LHY probes under the washing conditions used (34) . The SPA1 (14) The telomerase ribonucleoprotein has a phylogenetically divergent RNA subunit, which contains a short template for telomeric DNA synthesis. To understand how telomerase RNA participates in mechanistic aspects of telomere synthesis, we studied a conserved secondary structure adjacent to the template. Disruption of this structure caused DNA synthesis to proceed beyond the normal template boundary, resulting in altered telomere sequences, telomere shortening, and cellular growth defects. Compensatory mutations restored normal telomerase function. Thus, the RNA structure, rather than its sequence, specifies the template boundary. This study reveals a specific function for an RNA structure in the enzymatic action of telomerase.
Telomerase, a ribonucleoprotein reverse transcriptase (RT), replenishes telomeric DNA that would otherwise be lost with each round of eukaryotic DNA replication (1). The telomerase complex contains an RNA subunit (TER), a catalytic RT protein (TERT), and several additional protein components (2) . Telomerase is activated in most human cancers, and its ectopic expression can greatly extend the life-span of normal human cells in culture (3) . Telomerase RNAs are extremely divergent in sequence and vary in length from 146 nucleotides (nt) in the ciliate Tetrahymena paravorax (4) to 1544 nt in the budding yeast Candida albicans (5) . Unlike other RTs, which perform extensive genome copying, telomerase copies only a small portion (termed the "template") of an intrinsic RNA moiety (6) . This feature allows telomerase to synthesize onto telomeres a species-specific, 5-to 26-base-long repeated sequence (7) . How telomerase specifies its template boundaries (where DNA synthesis initiates and where it ends on the TER sequence) is not understood.
Nontemplate regions have been previously shown to be required for telomerase activity (8, 9) and ribonucleoprotein (RNP) assembly (9, 10) . To further investigate the participation of telomerase RNA in the enzymatic function of telomerase, we searched for conserved sequences and structural elements in budding yeast telomerase RNAs. We cloned and analyzed TER genes from four Kluyveromyces species closely related to K. lactis (11) . The mature RNAs ranged in length from 930 nt in K. aestuarii to 1320 nt in K. dobzhanskii. Sequence identity between any given pair of genes ranged from insignificant to about 70% overall identity. The computer program mfold (12) predicted extensive secondary structures for these RNA sequences, including a common feature shared by all five TERs: base pairing of the sequence immediately upstream of the template ( pairing element B) (Fig. 1A) with a sequence 200 to 350 nt further upstream ( pairing element A), located near the 5Ј end of the RNA. The region between the pairing elements (indicated by the dashed line in Fig. 1A and the dashed loop in Fig. 1B ) was shown previously to be dispensable in K. lactis (9) . The proximity of this conserved putative pairing region to the 5Ј end of the template led us to hypothesize that its function is to limit DNA synthesis, thereby defining the downstream boundary of the template.
To test this hypothesis, we constructed a series of mutations in the putative pairing region of the K. lactis TER gene (Fig. 1, C and  D) . We replaced the wild-type TER gene in K. lactis with the mutant genes by a vector-shuf-
